The thermal ground plane (TGP) is an advanced planar heat pipe designed for cooling microelectronics in high gravitational fields. A thermal resistance model is developed to predict the thermal performance of the TGP, including the effects of the presence of non-condensable gases (NCGs). Viscous laminar flow pressure losses are predicted to determine the maximum heat load when the capillary limit is reached. This paper shows that the axial effective thermal conductivity of the TGP decreases when the substrate and/or wick are thicker and/or with the presence of NCGs. Moreover, it was demonstrated that the thermal-fluid model may be utilized to optimize the performance of the TGP by estimating the limits of wick thickness and vapor space thickness for a recognized internal volume of the TGP. The wick porosity plays a significant role on maximum heat transport capability. A large adverse gravitational field strongly decreases the maximum heat transport capability of the TGP. Axial effective thermal conductivity is mostly unaffected by the gravitational field. The maximum length of the TGP before reaching the capillary limit is inversely proportional to input power.
INTRODUCTION
Heat pipes operate in a broad variety of heat transfer related applications where high power and low temperature drops are required. Flat heat pipes are an efficient technology for spacecraft cooling and electronic cooling applications due to their high thermal conductivity, low weight, and reliability [1] . For a heat pipe to work appropriately, the net capillary pressure difference between wet and dry pressures points must be greater than the sum of pressure losses in the system. Heat pipe performance is typically constrained by the flow resistance of the wick, which limits mass flow and the total heat load the system is able to transport. If the heat load on a heat pipe is increased, the mass flow inside the device increases. As the axial pressure gradient of the liquid within the wick structure increases, a point is reached where the capillary pressure difference across the vapor-liquid interface in the evaporator equals the total Page 3 of 22 ABABNEH ET AL.
pressure losses in the system. The maximum heat transport of the device is reached at this point. So if the heat load exceeds this point, the wick will dry out in the evaporator region and the heat pipe will not work. This point is called the capillary limit [2] .
Thermal ground planes (TGPs) are flat thin (about 3 mm thick) heat pipes which utilize two-phase cooling as in common heat pipes. Major advantages, however, include the ability to integrate directly with the microelectronic substrate for a wide range of applications due to the substrate being made out of material that is CTE-matched with common semiconductor materials such as Si, SiGe, AlN and SiC, so Copper and aluminum nitride (AlN) are selected to meet the CTE mismatch requirement. Advantages of the TGP, as well as other heat pipes, include a very high effective axial thermal conductivity, reliability, no moving parts, and no need for external power. Unlike conventional heat pipes, the TGP can be used in applications where space is extremely limited and it can operate in high-g environments. Figure 1 shows TGP which is a thin planar heat spreader that is capable of moving heat from multiple chips to a distant thermal sink. The aim is to use TGPs as thermal spreader in a variety of microelectronic cooling applications. These
TGPs will perform as a new generation of high-performance, integrated systems to operate at a high power density with a reduced temperature gradient and weight. In addition to being able to dissipate large amounts of heat, they have very high effective thermal conductivities and (because of nano-porous wicks) can operate in high adverse gravitational fields. Since the TGP utilizes the transport of the latent energy from the evaporator to the condenser, the TGP has an extremely large effective thermal conductivity. A thermal resistance model is presented in this manuscript which is able to predict the temperatures for a given heat input, with or without the presence of NCGs, which typically accumulate in the condenser section of the TGP. The heat transferred to the evaporator section by an external source is conducted through the TGP wall and wick structure, and then vaporizes the working fluid in the wick. As vapor is formed, its pressure increases, which drives the vapor to the condenser, where the vapor releases its latent heat of vaporization to the heat sink in the condenser. The condensed fluid returns to the evaporator due to a pressure difference. Thus, the heat pipe is able to transport the latent heat of vaporization in the TGP. This process will continue as long as there is sufficient capillary pressure to pull the condensed liquid from the condenser into the evaporator by the surface tension [2] [3] [4] [5] .
There are numerous experimental, analytical and numerical models have been developed to study the performance of heat pipes. Van Ooijen and Hoogendoorn [6] introduced a steady-state numerical analysis of the vapor core in a horizontal flat heat pipe. A three-dimensional model has been presented to study the hydrodynamic and thermal characteristics of flat heat pipes by Xiao and
Faghri [7] . The model includes the heat conduction in the solid wall, fluid flow in the wick region and vapor core, and the coupled heat and mass transfer at the liquid/vapor interface. Zaghdoudi and Sarno [8] studied the effects of body forces environment on the thermal performance of a flat heat pipe using constant heat load. Thomas and Yerkes [9] examined copper/water arterial wick heat pipe with the amplitude of the radial acceleration ranged from 1.1 to 9.8 g. Also, the effects of the dry-out of the heat pipe were tested. Rice and Faghri [10] introduced a full numerical analysis of heat with no empirical correlations while including the flow in a wick.
The capillary pressure required in the wick to drive the flow is attained for several power levels and heating configurations. Sonan et.
al. [11] analyzed the transient performance of a flat heat pipe used to cool multiple electronics components by computing the fluid flows in vapor core and wick region using a transient two-dimensional hydrodynamic model. Vadakkan U. et al. [12] The local thermal equilibrium between the solid and liquid phases assumption by using a porous media energy equation is not valid for the present study as assumed in [12] . Since the ratio of solid to liquid thermal conductivities (k sintered copper / k water ≈ 275) is very large [5] . For the TGPs investigated which utilize water as the working fluid, Ja <<1, and convection in the liquid can be neglected.
Therefore, the energy transport with the fluid saturated wick is purely by diffusion. Just as important as not having a convection term in the energy equation (u dT/dx≈ 0), is the assumption that the evaporative heat transfer coefficient ( h evap ) is only a function of temperature. A mass transport experiment (MTE) is utilized to find h evap experimentally in order to estimate the performance of the TGP. For our case, the thin film resistance is much larger than the vertical wick and substrate thermal resistances where the energy transport within the substrate and the vertical wick by conduction. For conventional heat pipes the Bi>>1 because the conduction thermal resistance (t/k.A) is much larger than the convection thermal resistance (1/h.A). For the TGP the conduction resistance was reduced by decreasing the thickness of TGP and by using substrate and wick materials that has relatively high thermal conductivity so Bi ~1 that means the convection resistance or the thin film resistance become more significant. 
THEORTICAL MODEL
A thermal resistance model and a pressure drop model are developed which include the major physics governing fluid flow and heat transfer inside the TGP. The thermal resistance model contains a simple pure conduction model and pressure drop models that can consider non-condensable gases (NCGs), which typically accumulate in the condenser section of the TGP. This model is then extended to consider the effect of NCGs on the TGP performance by using a flat front model.
The NCGs present in the heat pipe accumulate in the condenser section and will reduce the performance of the TGP, as shown later in the results. A common assumption is that the gas forms a flat front (vertical shape) across the width of the pipe [14] , that any part of the condenser blocked by the gas is stopped proportionally to the obstruction, and that the rate of heat transfer in the condenser degrades proportional to the amount of blockage or (f) value, as shown in Figure 2 . For a recognized quantity of gas (given in gmmole or lb-mole), the length of the blocked part is estimated using the existing saturation pressure corresponding to the temperature of the vapor; (f) is the area fraction which depends on the ratio of NCGs (y ncgs ) as:
Where the ratio of y ncgs is calculated from: Thin film resistance at interface is: Figure 4 shows the 3D TGP geometry. The length of TGP was varied (3cm, 9cm and 15cm) where the evaporator/condenser length is fixed at 1cm. the width also is fixed at 3cm for all lengths. For more details, about geometry see Table 1 . In order to estimate the equivalent thermal conductivity for the porous media (saturated liquid water filled the sintered copper wick).
Maxwell [15] has presented an equation that offers the thermal conductivity of such a heterogeneous material:
Maxell's equation was validated by Laser flash method [16] , using Microflash apparatus from Netzsch, which was used to measure the effective thermal conductivity of the porous wick. In this method, a laser pulse heats the sample from bottom while the thermal response is measured from the other side using an IR-detector. The transient thermal response is utilized to estimate the thermal diffusivity, which relates to the thermal conductivity of the sample. Samples were prepared by cutting out 8 mm x 8 mm x 1mm sections from a larger porous wick structure. Aluminum, copper and porous copper foam structures were used as reference baselines.
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A total of 15 samples were tested three times to provide sufficient statistical data. Variation in measured effective thermal conductivity is attributed to local porosity variation within the sample [23] . As shown in Figure 5 , the laser flash method gives an effective thermal conductivity of about 170 W/m.K for the sintered copper wick samples when the porosity about 0.5 and this is gives 4% error -related to the uncertainty of the wick porosity-when comparing with k wick =163.2 W/m.K from Maxwell's equation. Since wick porosity is a factor in the equation, the model can also be used to predict the effect of wick porosity on TGP performance. Nam et al. [18] reported the heat transfer performance of superhydrophilic Cu micropost wicks fabricated on thin silicon substrates utilizing electrochemical deposition and controlled chemical oxidation. Hanlon and Ma [19] introduced a 2D model to predict the overall heat transfer capability for a sintered wick and conducted an experimental study to predict the effective parameters for evaporation heat transfer from a sintered porous wick.
For the current work the thin film resistance at the interface was experimentally measured for the specific wick structures that were being fabricated. Figure 6 shows a schematic image of the setup for a 3cm open functional TGP, with 1cm heater, ε ~ 50%, pore diameter of 11.30 µm and about 0.5 mm wick thickness. The wick-substrate assembly is placed vertically in a fixture and heated at the top. The bottom of the sample is submerged in an ample supply of water, simulating a flooded or infinite condenser. In order to measure the evaporation limit and the evaporation resistance, the level of the water pool is adjusted so that only the heated area of the wick is exposed. This minimizes the uncertainty due to the effective area available for evaporation. In order to measure the capillary limit, the level of the water pool is adjusted to so as to vary the capillary length. The temperatures of the vapor and the water are Page 9 of 22 ABABNEH ET AL. monitored to ensure that the chamber is maintained under saturation conditions. At the end of the test the liquid and vapor temperatures as well the chamber pressure is monitored to make sure that they return to the initial condition. The procedure to calculate the resistance at the evaporator is as follows. In general, some of the power supplied to the heater (Q in ) is conducted to the liquid pool (Q cond ) and the rest of it is convected (Q conv ) to the vapor through evaporation. The resistance network is shown in Figure 6 . The conduction resistance (R cond ) to the liquid is measured by opening the chamber to atmospheric conditions. It is assumed that at this condition, for temperatures sufficiently below the evaporation temperature, Q conv is negligible.
Once R cond is known, the heat conducted to the liquid (Q cond ) can be calculated using the temperature rise across the substrate. The internal resistance at the evaporator can be estimated using the following relation. In order to validate the assumption of neglecting Q conv and Q cond , the amount of energy transported through evaporation (Q evap ) is found to be more than 95 percent out of the total energy (Q in ).
(8)
Where T wall ≠ T vapor,sat , it needs to be noted that in this calculation, R Total also contains the resistance through the wick (R wick ) and the resistance at the wick/substrate interface (R wick-int ). R wick and R wick-int can be measured using Laser Flash setup as mentioned before.
Hence the phase change resistance at the evaporator (R evap ) can be obtained by: From this resistance, the evaporation heat transfer coefficient can be calculated using:
The setup was used to evaluate the effective heat transfer coefficient of uniform wicks. Experimentally measured h evap as a function of the temperature rise is shown in Figure 7 , this curve will serve as a boundary condition in the TGP model. Notably, the thermocouples accuracy is evaluated as ± 0.78ºC. For more details about the uncertainty analysis, see reference [23] . As for any heat pipe, for a TGP to work properly, the net capillary pressure difference between the wet and dry ends must be greater than the summation of all the pressure drop in the liquid and vapor flow.
(11)
The capillary pressure (∆P cap ) is given by Young-Laplace equation:
The C 1 value which is related to the contact angle and the standard deviation of average pore diameter is determined empirically, for different wick samples C 1 value is about 0.5.The capillary pressure can be experimentally evaluated by use of a so-called bubble point or bubble burst-through test. In this experiment a wicking sample is wetted and placed between an air reservoir and a reservoir with the working fluid reservoir [20] . In the experiment, the pressure of the air volume is then gradually increased to the point where bubbles appear in the liquid reservoir. At this point the pressure of the air reservoir has exceeded the meniscus pressure as air has been able to penetrate the sample. Given known fluid properties, an effective pore radius can be evaluated. For the wick structures used in this study, the average pore diameter was found to be 11.30 µm. Further increasing the pressure and measuring the flow rate can also be used to evaluate the wick porosity.
The liquid pressure drop across the porous wick structure for laminar flows is approximated by:
The permeability (K) is used to evaluate the viscous pressure losses of transporting the working fluid through a section of the porous wicking structure. The pressure drop through the liquid channel is described by the Hagen-Poiseuille equation. This equation provides the pressure drop in a laminar, viscous and incompressible fluid flowing through a cylindrical tube. For an array of channels of circular cross-section pores in a wick of porosity of ε, the permeability of the wick is given by:
For Hagen-Poiseuille flow the constant C 2 is equal to 1, Where this value is determined experimentally from permeability test as shown in Figure 8 and equal to C 2 =1.17. Also, from literature the permeability for the sintered metal powders is given by Chi Figure 9 shows the relation between the pore size and permeability for the sintered wick. The pore size start from 1 µm to 100 µm at a constant porosity (ε =0.5). There was a strong agreement between measured K and permeability anticipated by the Hagen-Poiseuille equation. So this work demonstrates the shortcomings of this correlation (Eq.15) and suggested use of the Hagen-Poiseuille relation with a modified constant of 1.17 (Eq. 14) with improved success for this wick samples. The vapor pressure drop across the vapor space for laminar flows is approximated by:
(16)
Notably, C 1 value, C 2 value, permeability (K) and the h evap curve are validated for a sintered copper wick with a thickness of 500µm, pore diameter of 11.30 µm and a porosity of 50%. Also, the effective length of the TGP which is denoted by L eff is equal to L adiabtaic +0.5(L evaporator + L condenser ).
Simple force equilibrium states that the wick structure can overcome 20-g acceleration if the capillary forces are stronger than the body forces. The gravitational forces working on the fluid can be demonstrated as a liquid column having a radius equal to the pore radius and length equal to the length of the TGP. To simulate the body forces that are a multiple of the gravitational acceleration g, this pressure is multiplied by a dimensionless factor (g factor ). The pressure related to this column can be defined as:
The heat pipe heat load conveyed by the fluid is equivalent to the mass flow rate multiplied by the latent heat of vaporization. The actual geometry and testing conditions are used as input parameters in the model. The parameters are listed in Table 1 . The temperature rise across the TGP for a given heat input is calculated using the resistance values. The temperature rise is then used to estimate the equivalent thermal conductivity, k eff , of the TGP. k eff is defined as the conductivity that a solid conductor would needs to have, if it were to have a similar thermal resistance
The heat transfer coefficients for evaporation as well as condensation are assumed to be an order of magnitude greater than the rest of the resistances, as a first-order approximation.
C sf is the shape factor, which is related to the thickness of the TGP. The shape factor value, approximately 0.6. C sf , is presented to consider the effect for the two-dimensional heat flux pathway in the one dimensional equation [21] .For now, Q HP =Q TGP because the axial heat fluxes on the wick and AlN are ignored. Eventually, to compare this thermo-fluid model with multi-dimensional model results, the axial heat fluxes will be considered.
The analysis calculates TGP temperatures and pressures using the EES software package [22] . Temperatures and pressures through the system are calculated using the equations, which are listed in the mathematical model section, for heat transfer areas, pressures, and thermodynamic properties in EES program with providing Q in and T Condenser . Also, EES introduces a full review of heat transfer and pressures between the evaporator and condenser. Figure 10 shows the effect of NCGs on the TGP thermal conductivity. It is clear that the TGP's thermal conductivity is proportional inversely to the mole fraction of NCGs. For the present testing arrangement, the condenser accounts for 33% of the whole TGP area as shown in the Figure 2 for L TGP =3cm. As shown in the figure, when the entire condenser area is covered by NCGs, the performance drops to the baseline value. The three dashed lines represent a proposed amount of the NCGs in the TGP. It seems from the figure that the axial thermal conductivity of TGP reduces about 12% when the total volume fraction of NCGs is 0.07 and about 50% when the total volume fraction of NCGs is 0.23.Therefore, the entitlement of the TGP can be expected by this model, if the amount of NCGs are recognized. Figure 11 introduces the effect of the amount of NCG, which increases the chip temperature sharply if the condenser is blocked by NCGs, assuming that the condenser accounts for 33% of the whole TGP area. This trend is expected because the thermal resistance becomes infinity when the amount of (f) (percentage of NCGs that occupied the condenser side) approaches 1. Although this is an artifact of this model as it assumes all heat is transferred by two-phase heat transport, it illustrates the significant difficulty of operating a device with significant condenser blockage. Figure 12 shows the effect of the TGP's substrate thickness on its performance with NCGs (y ncg =0.1667 or f =0.5) and without NCGs (y ncg =0.0) when Q in =30 W. It is obvious that when the substrate is thicker the axial thermal conductivity will decrease, because the thermal resistance will increase; the presence of NCG will decrease the k eff value too, due to an increase in the thermal resistance on the condenser side. Then the equivalent thermal resistance will be increased, too. The chip temperature increases with an Page 15 of 22 ABABNEH ET AL.
RESULTS AND DISCUSSIONS
increase in the thickness of the substrate and with the presence of NCGs, because for the same heat input the increase of total thermal resistance will increase the chip temperature (T chip ) as well. Figure 13 presents the performance of TGP as a function of wick thickness for a TGP with a 1 mm total thickness of the wick and the vapor space (t wick + t vap =1mm) and without NCGs. The model was used to estimate the limits of wick thickness and vapor space thickness for a known internal volume so as to optimize the performance. The wick thickness is plotted on the x-axis where k eff and Q max are plotted on the left and right y-axis, respectively. It can be realized that at lower wick thicknesses, Q max is limited by the hydrodynamic losses in the wick. As the wick thickness increases, this loss decreases and increases Q max . However, at a wick thickness of about 0.8 mm, the losses related to the vapor flow become significant and the flow becomes choked. As the vapor space is reduced, the velocity of vapor will be increased up to the speed of sound at which point it reaches the sonic limit. The effect of wick thickness is an important factor in designing the TGP. The maximum k eff value coincides with the t wick minimum (because the wick resistance is proportional to t wick ), but the maximum heat flux condition will not be met. The effect of doubling the wick thickness is a 20% reduction of the axial thermal conductivity of TGP in the wick thicknesses range (0.0001-0.0009m). Therefore, the upper and lower limits on the wick and vapor space thickness can be determined using this model. Figure 14 shows the effect of wick porosity on the TGP's performance. Effective thermal conductivity (k eff ) increases slightly with wick porosity (ε) until it approaches 0.6; then the trend of k eff starts decreasing by the increasing of (ε) because the void fraction plays a significant factor. This is mostly due to the lower thermal conductivity of water as compared with the sintered copper powder, which agrees mathematically with the experiment value for optimum wick porosity (ε≈0.55). On the other hand, increasing (ε) will increase the maximum heat flux (Q max ) because the wick with a higher porosity will have a lower pressure drop and consequently the mass flow through the system will be higher. Figure 15 gives the performance of TGP as a function of g factor . As mentioned in the previous sections, it is expected that the gravity loading (g factor ) will have a strong influence on Q max , while k eff will remain largely unaffected. It can be seen that a 20 'g' factor against the mass flow direction decreases the Q max by 60 %, from 72W to 29W. However, the k eff only increases by ~2%. Based on the wick parameters, it was observed that the TGP can transport >25W even with a 20 'g' factor acting against it. high 'g' test at AFRL's spin table [21] . One of the key questions was to determine the effect of gravity loading on the TGP's performance. This test was performed at constant power (10W) [13] . It can be seen from Figure 14 that the effective thermal conductivity did not vary as a function of g-load; agreeing with the model, as effective thermal conductivity is based on the individual resistances of the components of the TGP as well as the heat transfer coefficients in the evaporator and condenser regions, which should change only slightly with high g-factor. Nevertheless, it is anticipated that the maximum heat transport capability decreases as the device is accelerated, as the capillary forces are opposed by the high-gravitational loading (g factor ), as shown in Figure 16 . Figure 17 shows the axial thermal conductivity for the TGP as a function of heat input for TGPs of differing length at g factor =1. It is obvious that k eff is sensitive to the heat input variation at same length. In the same way, k eff increases dramatically by 150% and 400% when the length changes from 3 cm to 9 cm and 15 cm, respectively. The figure shows for L TGP =9 cm the capillary limit is The effect of the length of the TGPs on the performance at g factor =1 is introduced in Figure 18 . It is obvious that as the length of the TGPs increases, the effective axial thermal conductivity increases as addressed in equation 19. Also; a linear fitting for the normalized k eff as a function of TGP length is shown in the Figure. Figure 18 shows the value of the maximum axial length of the TGPs before reaching to the capillary limit. For example, for the same TGP if the power input 10 W, the maximum length before reaching to the capillary limit is about 11 cm. So, to prevent reaching the capillary limit rapidly, a graded wick by changing the configuration of variable d pore wick is the best solution to keep k eff increases as L TGP increases without reaching the capillary limit quickly (Q max will be enhanced). Figure 19 shows maximum heat input of the TGP as a function of wick pore diameter at a different normalized wick thickness (t wick *= t wick / (t wick +t vapor )) under g factor =10 condition. It is clear that for the three different configurations of the normalized wick thicknesses ratios (10%, 50% and 90%), the 50% ratio is better than t wick * = 10% and 90%. It is clear from the figure that at lower normalized wick thicknesses, Q max is limited by the hydrodynamic losses in the wick. As the normalized wick thickness increases, this loss decreases and increases Q max . But at a normalized wick thickness of 90%, the losses related to the vapor flow become important. As the t wick * is increased, the velocity of vapor will be increased up to the speed of sound at which point it reaches the sonic limit. 
CONCLUSIONS
The fundamental theory behind the transport of heat and mass in the TGP is an important issue so a thermal resistance model is developed to predict the performance of the TGP. A thermal resistance model is developed to predict the thermal performance of the TGP, including the effects of the presence of non-condensable gases (NCGs). Also, viscous laminar flow pressure losses are calculated to determine the maximum heat load when the capillary limit is reached.
The axial thermal conductivity of TGP reduces about 10% when the amount of NCGs on the condenser is 0.07 and about 50% when NCGs is 0.23. The axial effective thermal conductivity of the TGP decreases when the substrate is thicker and/or the presence of NCGs. The chip temperature increases with an increase in the thickness of the substrate and with the presence of NCGs.
The model was used to optimize the performance of the TGP by estimating the limits of wick thickness and vapor space thickness for a known internal volume. The effect of wick thickness is an important factor in designing the TGP. The maximum k eff value coincides with the t wick minimum, but the maximum heat flux condition will not be met. In the existing range of the wick thickness the effect of doubling the wick thickness is a 20% reduction of the axial thermal conductivity of TGP. So, the optimum limits of the wick and vapor Page 20 of 22 ABABNEH ET AL. space thickness can be estimated using this model. k eff increases slightly with (ε) until it approaches 0.6; then the trend of k eff starts decreasing by the increasing of (ε). On the other hand, increasing (ε) will increase the maximum heat flux (Q max ) because a wick with a higher porosity will have a lower pressure drop and consequently the mass flow through the system will be higher.
Increasing of 'g' factor will have a strong influence on decreasing Q max , while k eff will stay largely unaffected. Also, to validate this result from the model, k eff is independent of 'g' factor; an experimental work was performed at a spin table. Also, this model can expect the capillary limit of the TGP based on pressure drop analysis. k eff increases by 150% and 400% when the length changes from 3 cm to 9 cm and 15 cm, respectively. But for L TGP =9 cm the capillary limit is reached at Q ≈ 16 W, where the capillary limit is reached at Q ≈ 7 W when L TGP =15 cm. In conclusion, the maximum length of the TGP before reaching the capillary limit is inversely proportional with the Q in . Finally, the optimum value for the wick thickness in the TGP is about t wick * = 50% for three different configurations of wick thicknesses ratios (10%, 50% and 90%).
